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Pressure studies of CeRhi-aJr^Ins indicate two superconducting phases as a function of x, one 
with T c > 2 K for x < 0.9 and the other with T c < 1.2 K for x > 0.9. The higher T c phase, phase- 1, 
emerges in proximity to an antiferromagnetic quantum-critical point; whereas, Cooper pairing in 
the lower T c phase-2 is inferred to arise from fluctuations of a yet to be found magnetic state. The 
T-x-P phase diagram of CeRhi-^Ir^Ins, though qualitatively similar, is distinctly different from 
that of CeCu2(Sii-iGe a ;)2. 

PACS numbers: 71.27.+a, 74.70.Tx, 74.62.Dh, 74.62.Fj 



As a conventional superconductor is cooled below T c , 
a finite energy gap in the electronic density-of-states 
N(Ep) opens over the entire Fermi surface. This gap 
to quasiparticle excitations produces an exponential tem- 
perature dependence of physical properties that depend 
on N(Ep), eg. specific heat, thermal conductivity, and 
spin-lattice relaxation rate. In contrast, power-law de- 
pendences of these properties are found in supercon- 
ducting heavy-fermion systems^ as well as in cuprates^ 
ruthcnatcs" and low-dimensional organics^ The exis- 
tence of these power laws can be understood if the su- 
perconducting energy gap, instead of being everywhere 
finite, is zero on parts of the Fermi surface so that the ex- 
citation spectrum starts from zero energy. These qualita- 
tive departures from conventional behavior suggest that 
Cooper pairing may be mediated by excitations other 
than phonons. In each class of materials mentioned 
above, a 'dome' of superconductivity emerges in prox- 
imity to a magnetic transition that is tuned toward zero 
temperature by applied pressure or changes in chemical 
composition. The close proximity to magnetism and ev- 
idence for power-law behaviors below T c argue for mag- 
netically mediated superconductivity in which the orbital 
component of the superconducting order parameter is 
greater than zero and power laws reflect the nodal struc- 
ture of the order parameter. 5 

With two notable counter examples, a single dome of 
superconductivity tends to appear only in a relatively 
narrow range of tuning parameter values. One of these 
counter examples is Ui_j,Thj,Bei3. In this case, substi- 
tutions of nonmagnetic Th for U cause a non-monotonic 
variation of T c (y) with a sharp, non-zero minimum in T c 
near y = 0.019 that is not due simply to pair-breaking 
effects, since superconductivity persists to at least y = 
0.06. 6 Pressure studies 6 of the T c (y) phase diagram re- 
veal that the minimum in T c near y = 0.019 evolves into 
a range of y where there is no superconductivity and pro- 
vide convincing evidence that the T c minimum at atmo- 
spheric pressure delineates two distinct superconducting 
phases. Though weak magnetism coexists with uncon- 
ventional superconductivity for 0.019 < y < 0.042 at at- 
mospheric pressure, the origin of two distinct transitions 
remains unclear. 

The other counter example is the prototypical heavy- 



fermion compound CeCu2Si2- 7 Until recently, its inex- 
plicably robust superconductivity with respect to pres- 
sure and complex variation of T C (P) have appeared in- 
compatible with magnetically mediated superconductiv- 
ity. Detailed pressure studies of CeCu2Si2 and its slightly 
larger volume relatives CeCu2(Sii_ x Gea;)2 reveal the ex- 
istence of two distinct domes of different superconduct- 
ing phases, one at low pressures controlled by proxim- 
ity to an antiferromagnetic quantum-critical point and a 
second at higher pressures that coincides with a weakly 
first-order phase boundary delineating an isostructural 
volume collapsed The former is consistent with a mag- 
netic pairing mechanism, whereas the latter suggests that 
density fluctuations and associated Ce-valence fluctua- 
tions are involved in Cooper pairing. 

CeRhi^xIr^Ins is a candidate for demonstrating two 
superconducting phases. CeRhlngS and CelrlngAS are 
isostructural, isovalent heavy-fermion compounds that 
form solid solutions in which the ratio of tetrago- 
nal lattice parameters, c/a, varies linearly across the 
series^i With progressive substitutions of Rh by Ir in 
CeRhi-^Ir^Ins, the ground state at atmospheric pressure 
evolves continuously, just as it does in CeRhlns with ap- 
plied pressure^ from antiferromagnetic (x < 0.3) to an- 
tiferromagnetic with coexisting superconductivity (0.3 < 
x < 0.6) and finally to superconducting without appar- 
ent evidence for long-range magnetic order (x > 0.6). 11 
As the end composition Celrlns is approached, there is a 
cusp-like minimum in T c (x) near x = 0.9 where bulk su- 
perconductivity is suppressed. The specific heat anomaly 
at T c for this composition is small, AC/jTc w 0.14, which 
is only about 10% of the weak-coupling BCS valued and 
may be non-zero because of slight variations in Rh/Ir con- 
centrations throughout the sample. Though suppression 
of bulk superconductivity with small additions of Rh in 
Celrlns might arise from Cooper-pair breaking by non- 
magnetic Rh 'impurities', for x > 0.9 or x < 0.9, the spe- 
cific heat jump at T c is comparable to the BCS valuefii*^ 
and below T c , the relaxation rate \/T\ oc T 3 and specific 
heat divided by temperature C /T oc T, indicative of un- 
conventional superconductivity^ As we will show, the 
cusp in T c near x — 0.9 in CeRhi_a;Ir x In5 evolves with 
applied pressure to become a range of compositions that 
separates two superconducting phases. 
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FIG. 1: Resistivity versus temperature for three compositions 
of CeRhi-^Ir^Ins at representative pressures. Responses at 
other values of x are intermediate to those shown here. 

Simultaneous electrical resistivity and ac susceptibility 
measurements were used to study the response to pres- 
sure of high quality single crystals of CeRhi-^Ir^Ins for 
x = 0, 0.1, 0.25, 0.5, 0.75, 0.85 and 1.0. The crystals, 
grown from excess In flux, were carefully screened at at- 
mospheric pressure by SQUID magnetometry to ensure 
the absence of free In. Pressures to 2.3 GPa were gen- 
erated in a Be-Cu clamp-type cell with Flourinert as the 
pressure-transmitting medium, and at least seven, ap- 
proximately equally spaced, pressure measurements were 
made on each composition. The inductively measured 
shift in the superconducting transition of high purity Sn 
or Pb determined the clamped pressure at low tempera- 
tures. 

Figure 1 shows the electrical resistivity at various pres- 
sures for x = 0, 0.5 and 1.0 in CeRhi_ x Ir 2,1115. These 
responses are representative of the series. For x < 0.5, 
the low temperature resistivity increases initially with 
applied pressure and the temperature T max at which the 
resistivity is a maximum (not shown) decreases with P. 
Near and above x = 0.5, opposite trends appear — the 
low temperature resistivity decreases and the resistivity 
maximum moves to higher temperatures with applied 
pressure. As seen in Fig. 1, Rh/Ir substitutions have 
a small effect on potential scattering since the limiting 
resistivity just above either an antiferromagnetic or su- 
perconducting phase transition at atmospheric or high 
pressure varies from about 2 /ificm for x = and 1.0 
to about 7 jnficm for x ~ 0.5. Qualitatively, this re- 
flects Nordheim's rule for isovalent substitutions^ and 
is a further indication of sample homogeneity. Superim- 
posed on this frozen disorder scattering are comparable 





I , 1 , 1 , 1 , 1 , 1 , I 

0.5 1.0 1.5 2.0 2.5 3.0 



P (GPa) 

FIG. 2: Pressure dependence of the temperature T max where 
the resistivity is a maximum, the Neel temperature Tm and 
superconducting transition temperature T c for x = (circles), 
0.1 (diamonds), and 0.25 (squares) in CeRhi-zIr^Ins. Data, 
shifted by constant pressures of 0, 0.1, and 0.6 GPa for x — 0, 
0.1 and 0.25, respectively, scale onto common curves as shown. 



or larger pressure-dependent changes in the inelastic scat- 
tering rate. For x < 0.5, pressure enhances the scattering 
rate as magnetic order is replaced by superconductivity; 
whereas, for x = 0.5, the scattering rate at atmospheric 
pressure is already relatively large and decreases with 
applied pressure and this trend continues with increas- 
ing x. The variation in the low-temperature resistivity 
of this CeRhi_ x Ira;In5 series at atmospheric pressure is 
analogous to responses found in several antiferromagnets 
as they are tuned by applied pressure toward a quan- 
tum critical points This analogy argues that Ir sub- 
stitution for Rh acts principally as an effective applied 
pressure and that there is a quantum-critical point at at- 
mospheric pressure in the series near x > 0.5. Indeed, 
the ambient-pressure Neel temperature drops to T = 
at x c w 0.65 where the specific heat begins to diverge 
logarithmically, 17 and, as shown in Fig. 2, Ir substitu- 
tion and applied pressure are demonstrably equivalent 
for x < 0.25. The rigid shift by a constant pressure 
of the superconducting transition T C (P), the Neel tem- 
perature Ijv(P) and the temperature T max (P), where 
the resistivity is a maximum, scales each onto a common 
curve. For these three compositions, the rigid pressure 
shift P r (GPa) s=s 10x 2 , which, extrapolating to x = 1, im- 
plies that Celrlns is under an effective chemical pressure 
of about 10 GPa relative to CeRhlns. This straightfor- 
ward scaling breaks down for x > 0.3, indicating addi- 
tional effects of Ir substitution. 

Linear interpolations of T C (P), defined by the onset of 
a diamagnetic response in ac susceptibility, and Tjv(-P), 
determined from a change in slope of p(T), for each value 
of x allow the construction of isobaric T — x phase dia- 
grams. Data in the upper panel of Fig. 3 are results 
from ambient-pressure measurements?^ and those in the 
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FIG. 3: Representative T — x phase diagrams for 
CeRhi-JrJns at P = 0, 1.0 and 1.75 GPa. The cusp- 
like suppression of T c near x = 0.9 at P = evolves into a 
range of compositions where T c < 0.3 K at higher pressures. 
Plots of T C (P) for x = 0.75 and 0.85 (not shown explicitly) 
strongly suggest that T c = for these compositions at 1.75 
GPa and higher pressures. SCI: phase-1 superconductivity; 
SC2: phase-2 superconductivity. 



middle and lower panels are representative T — x dia- 
grams at pressures of 1.0 and 1.75 GPa. Similar isobaric 
diagrams at intermediate pressures confirm the smooth 
evolution seen in Fig. 3, and, in particular, the T — x 
phase diagram at 2 GPa shows no evidence for antiferro- 
magnetism. As seen in Fig. 3, the cusp-like suppression 
of T c near i = 0.9 at P = evolves with applied pres- 
sure to become a range of compositions 0.75 < x < 0.85 
where no bulk superconductivity is detected above 0.3 
K by ac susceptibility. Therefore, in CeRhi^^Ir^Ins un- 
der pressure, there is a range of compositions separating 
two superconducting phases, phase-1 with T c > 2 K for 
x < 0.75 and phase-2 with T c < 1.2 K for x > 0.85J£ 

The results of Fig. 3 appear analogous to the evo- 
lution of T c (y,P) in Ui_j,Th y Bei3, particularly, if we 
consider CeRhi_ 2 ,Ir a; In5 as Rh-doped Celrln 5 , as well 
as to the observation of two superconducting phases in 
CeCu2(Si,Ge)2- In the latter, each dome of superconduc- 
tivity is controlled by proximity to a distinctly different 
transition that is tuned to T — > by pressure. This con- 
clusion was possible by realizing that Ge substitution for 
Si expands the unit-cell volume and that this expansion 
can be compensated by an externally applied pressure 
to produce nearly identical superconducting phase dia- 
grams as a function of cell volume for both CeCu2Si2 
and CeCu2Ge2»^ A similar argument is inferred from the 
pressure scaling shown in Fig. 2. If the primary role of 



Ir substitutions for Rh is to decrease the cell volume, 
then the observation of two superconducting phases in 
CeRhi_ x Ir x In 5 suggests that a second superconducting 
phase also might emerge in CeRhlns at much higher pres- 
sures than investigated here. Besides a dome of super- 
conductivity centered near the antifcrromagnetic critical 
point at P c « 2.5 GPa where T c exceeds 2 K, Mura- 
matsu et alM- have reported a second dome of super- 
conductivity in CeRhlns with a maximum T c w 1 K 
near 6.5 GPa. Considering that details of Ir/Rh sub- 
stitution were ignored in estimating the effective pres- 
sure in Celrlns, this estimate and the observed pressure 
of 6.5 GPa are in good agreement and further suggest 
that the second, high-pressure dome of superconductiv- 
ity in CeRhlns is analogous to phase-2 superconductivity 
in CeRhi^-rlr 2,1115. 

This simple volume-based extrapolation was implied 
from the empirical observation that P r cx x 2 for x < 0.25. 
Studies at atmospheric pressure show, however, that T c 's 
of CeRhi-^Ir^Ins are a linear function of the ratio of 
tetragonal lattice parameters c/a and not cell volume 
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This apparent dichotomy suggests that c/a is 



not a monotonic function of pressure even though the 
cell volume is. Pressure-dependent structural studies 
of CeRhlns confirm this suggestion*^! c/a exhibits two 
maxima as a function of pressure, one near 2.5 GPa 
and a second near 6 GPa. The correspondence between 
these maxima and those in T C (P) reinforces the relation- 
ship between T c and c/a found in the Rh/Ir solid so- 
lutions at atmospheric pressure. The pronounced non- 
monotonic variation of c/a(P) in CeRhlns, though not 
directly established in other members of CeRhi-^Ir^Ins 
or in isostructural CeCoIns, also may account for the 
different responses of T c to uniaxial pressure observed in 
Celrln 5 and CeCoIn 5 i22 

Though the emergence of two superconducting phases 
in CeRhi_ x Ir x In5 and CeRhlns under pressure appears 
similar to the non- monotonic variation of T C (P) in 
CeCu2(Si,Ge)2, there is an important distinction. In 
the latter, there are well-defined regimes of pressure 
where T c < 1 K and T c > 2 K, but, the high-pressure, 
high-T c regime is accompanied by topological changes in 
the Fermi surface 2 ^ and/or an increase in ground state 
degenerac y 24 i 25 so that superconductivity with differ- 
ent T c 's develops out of qualitatively different electronic 
states. This is not true in CeRhi-^Ir^Ins and CeRhlns 
under pressure. deHaas-van Alphen studies find that, 
except for expected quantitative changes due to their 
slightly different ratio of tetragonal lattice parameters, 
Celrlns at P = and superconducting CeRhlns (P > 0) 
have the same Fermi-surface topology and comparably 
large quasiparticle masses i^^S! Further, at atmospheric 
pressure, the electronic entropy to 5 K is (0.5±0.05)i?ln 2 
for all xjii indicating the same ground state degeneracy. 

On the basis of scaling shown in Fig. 2, we assume rea- 
sonably that superconductivity in phase-1 has the same 
origin as in CeRhlns near and below 2.5 GPa, namely 
that superconductivity is mediated by excitations asso- 
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ciated with proximity to an antiferromagnetic quantum- 
critical point. The pairing mechanism for phase-2 super- 
conductivity is not so obvious since antiferromagnetic or- 
der appears to be well removed from this part of the phase 
diagram and there is no evidence for a line of valence 
transitions as a function of x or P. Like superconduc- 
tivity in phase- 1 where C/T oc T and 1/Xi oc T 3 below 
T e , the same power laws are found^ in Celrlns, which is 
representative of phase-2 superconductivity, and indicate 
an unconventional mechanism for superconductivity in 
phase-2. The pairing mechanism for phase-2 is suggested 
from thermal expansion measurements on Celrlns in a 
field sufficient to destroy bulk superconductivity. In these 
experiments, the coefficient of c-axis thermal expansion 
a c = a T ' 5 + b T, a temperature dependence expected for 
thermal expansion dominated by three-dimensional criti- 
cal fluctuations at an antiferromagnetic quantum-critical 
point i2£ These observations, together with a non- Fermi- 
liquid like 1/Ti above T c in Celrln 5! 14 i 29 imply that 



phase-2 superconductivity in CeRhi-^Ir^Ins for x > 0.85 
and, by inference, in CeRhIn 5 at P > 5 GPa is me- 
diated by fluctuations arising from some form of hid- 
den magnetic order. One possibility is that this hidden 
order manifests itself in field-induced magnetic transi- 
tions observed in Celrlns near 40 T 3 ^ and in CeRhIii5 
near 50 Ti^I Whatever the precise nature of this hidden 
magnetic order, the lower T c of phase-2 superconductiv- 
ity suggests that pair-mediating fluctuation spectrum is 
more nearly 3-dimensional, coupling electronic states less 
efficiently than magnetic excitations associated with TV 
and phase- 1 superconductivity. 
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